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XFEL linac
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* RF Gun * We observed the drifts and the phase jumps in
the machine

» 2 RF stations with 8 cavities

- 24 RF stations with 1.3GHz 32 TESLA type * VS calibration slowly drifts

* “on-crest” phase slowly fluctuates

cavity each « sometimes the phases between the
* in total 784 cavities and 26 RF sources (only SC modules jumps (clocks)

cavities) * Until they are noticed and corrected they affect
* XFEL requirements for field stability: 0.01% for machine performance.

amplitude and 0.01 deg. for phase
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LLRF system architecture

closed loop including
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VS calibration

Standard method at XFEL and FLASH

Requires to interrupt normal operation
Run station in FF only mode

Allow short bunch train beam (30 bunches, more
charge is better)

Record and analyze probe transients due to beam

Must be made station by station (time consuming)

Proposal

Run permanently during normal operation

It may process many pulses in order to enhance
precision through averaging

Allows to trace changes and drifts in the machine
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Cavity math (1)

dV
* Well known cavity envelope equation for ¢ Z—((D —iA (D) V +0 (2 V 42V )
base-band dt 1/2 c 1/2 f b
* Using superposition principle one can divide w,,, — halfbandwidth Aw - detuning
cavity voltage into parts related to forward V_— cavity voltage V. — forward voltage

(V) and beam induced voltages (V) V. — beam induced voltage

Vc — ch+Vcb
dV

dth :_((Ul/z_i Aw) Vat2mo,V,
dv . ,

dl‘f :_((’01/2_ ! Aw) Vi +t2m,,V,
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Cavity math (2) V,=R,I,

* Beam current is assumed to be in the form of Dirac RL L
pulse sequence a L
* Forregular bunch trains it is usually transformed to 2 1 |
RF envelope as a DC current (/,=2%, ) Wo = LC C
* For general case one can solve the full 2" order 5 1
equation for resonance circuit obtaining the cavity W= R C
L

voltage component related to each individual bunch

« After usual simplifications (w, ,<<w,), assuming

l,=q 6(t) is a Dirac pulse with charge g one obtains dVZ +2 dVb + 2 y =9 R C&
the cavity voltage step at time 0. This voltage further 7,2 @112 dt WoV »= =W L ¢
oscillates with resonance frequency of the cavity w,

(i.e. it depends on cavity detuning) and decaying

with w_ . Vo(t)=2w,,qR, e “"'cos(w,t)

« Transferred to the baseband one finally gets the V,°
(response to single bunch) as a voltage step (¢, is a V?):Q W/, qRLej P
beam phase)
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Beam induced cavity voltage Bean induced volage
0.da
* For the beam current in the form of sequence of Dirac 0.40-
pulses the beam induced voltage is a sequence of 0.35
voltage steps (each step corresponds to single bunch) 0.30
: =025
o _ J®y Z
V,=2w,,qR, e’ =V > 020
0.154
* Between these steps the beam induced voltage 210
decays according the the cavity equation 005 —Eb
dV ) 0% a0 " ebo " eoo | 1000 1700 1400 1800 1800 2000
¢cb __ 3 time [us]
dt T ((Dl/z IA(D>VCb
10
5
Vv bunches = addV,  toV I
* Instead of adding every bunch complex value E 4
corresponding to beam phase one can compute the V | & 2
for beam phase equal to 0 and then finally scale the o]
V_, through bcal (beam calibration factor — complex) . —w
%0 400 600 @00 | 1000 1700 1400 1800 1800 Z000
VCb:VCb((pb:O>*bcal tirne [us]
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Beam induced cavity voltage Sean induced volage
0.43¢
* For the beam current in the form of sequence of Dirac ]
pulses the beam induced voltage is a sequence of 0.4317
voltage steps (each step corresponds to single bunch) MDE
= 4
o __ J®» — Z
Vb =2 W17 qRLe b_Vbs ~ 0,429
* Between these steps the beam induced voltage ]
. . . 0.428
decays according the the cavity equation ] —Eb
dV 042{356 7987 " 1988 1969 1400 1401 140z 1403 | 1dod
~L=(0,-1A0)V,,
t 109
8
Vv bunches = addV,  toV I
* Instead of adding every bunch complex value E -
corresponding to beam phase one can compute the V| & ;]
for beam phase equal to 0 and then finally scale the .
V_, through bcal (beam calibration factor — complex) . W
"ShD 400 " 600 800 1000 1200 " 1400 " 1800 1800 2000
VCb:VCb((pb:O>*bcal tirne [us]
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Beam induced cavity voltage B Lt

* For the beam current in the form of sequence of Dirac s
pulses the beam induced voltage is a sequence of 0.25
voltage steps (each step corresponds to single bunch) 0.2

o __ J % — 15
V=20 ,qR e "=V, -

* Between these steps the beam induced voltage =3

decays according the the cavity equation

| 4ﬂlI] | EHII] BHII] . 1I]hl] | 12EII] | 14hl] . 1Ehl] . 1800

dV 00 200 | 80
= :_((Duz_iA(D)Vcb .

d t [dﬁgglu_u Phase
140.0
100.0
V bunches - addV, toV 0.0
200
* Instead of adding every bunch complex value ool USNSY TTTYR
corresponding to beam phase one can compute the V 60.0
for beam phase equal to 0 and then finally scale the -100.0
V_, through bcal (beam calibration factor — complex) 1400 :
1500 | HII] | 4&"] | EHII] | BHII] | 1I]hl] . 1200 14&"] | 1Ehl] . 1800
V=V 4(9,=0)*bcal ” 8
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On-line beam calibration
algorithm

* The goal is to obtain “bcal”’ - complex factor
scaling the beam induced voltage in the cavity
equation

* Relies on iterative signal fitting and error
minimization

|
N
>
Y
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Signals calibration (1) T lnE PRI el
- Each RF pulse consist of regions without beam ~ "'[ | | | | A
(filling, decay and possibly part of flattop) and .l o proke-c ||
with beam | o
i — ref-c
14 - s
* Areas with “no beam” are used for RF signals
calibration (initial stage of algorithm) e i
=
* Area with beam present is used for beam % ol i
calibration (main stage of algorithm) =] |
|:| 1 | 1 I3
1] S0a 1000 1500

2000 2500

12



Signals calibration (2)

The w,, can be measured from probe signal

slope during decay and it must be constant over
the whole pulse

* X, Y, Zcan be extracted from measured signals

® g can be extracted from condition w o const
solving cavity equation

V.=re'®, V,=p"
dr

p "'7’001/2—001/29COS(6 (P)

* Thisway we haveall a, b, ¢, d

V, =a f/f+b f/r

V. =c 17 +d f/

V=V =V +V, =XV +YV,
Vv, Af, 17 — measured signals
V.,V V,.—calibrated signals
a,b,c,d—calibration factors

V
2—32—71; when V,=0
a
b=7
c=X—a
d=Y—-%
yA4

Curtessy A.Brand
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det

det. aprox.

Detuning approximation L e a—
300
* for the areas without beam one can compute 250t
detuning from cavity equation .l
* itis noisy signal, since it depends on phase % 150
derivative. In order to be able to use it in s ol
computation one have to approximate a0 =
. . . al
detuning with smooth and continuous aon b
waveform. 2eol i
. . . -alf
* Good results gives an approximation by 2™ 200}
order polynomials separately in filling, flattop  § .. | DL Y E——
and decay. £ fime [us]
E 100 -
adr .
or _
-50 .
=100
400 EIIIIII BEIIII 1EIEIEI 12IIIEI 14EIIII 1EEIEI 1500

time [us]
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Error computation

For approximated Aw and given bunch
pattern the beam induced voltage is
computed

From measured V_and computed V_ the

forward voltage related part of cavity
voltage is computed

From cavity equation for V_, the w,,, and

Aw are computed (only for the beam
region) and compared with expected
values.

* All RF signals are averaged using 10
successive pulses. The err signals are
filtered using median filter with 20
samples long window.

ch:Vc_Vcb
dv. ,
f 2 :_((’01/2_1A(’0) ch+2m1/2Vf
20,1, —
R DV T
((DI/2_ZA(D):
Vs

err, — Z ((0’1/2_ (Dllz)z

erra, = Z (A,(x) —A ma)z
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Results

Initial conditions, bcal=0,
V. =0, huge error,

particularly at w,,

FF signals and beam
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Results

R

F signals and beam
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Results

Final fit,
bcal=-3.441 +i*0.4138

EF signals and beam
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Results

Calibration of the C3.M1.A15.L3
was changed in amplitude and in
phase.

The scan range was #20 deg. in
phase and +4% in amplitude
respectively.

LLRF_HIST incl.xml

....CAL ROT (xfeluserl) - o x

150
140
130
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110
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— open new window | Print
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50000} 118725 | 400-]
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30000 -162.16] u| 2077
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10000 Rescate cauties | “ola 00 ado Todo sho 1200 1600 1800
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C3.M1.A15

Res u Its 15 —#— Phase 200

Scan variable [deg.] 195
1 =N AMp.err. [%] 190
iE' 0.5 185
o 180
é 0 175
% -25 25 170
E -0.5 165
1 160
Phase scan 1%
8 -1.5 150
Cal. phase SP[deg.]
5 == Amp.change [%]
Scan variable [%)] 2.5
4 == Phase err. [deg.] B
F 2 = Calibration of the C3.M1.A15.L3 was
2 15 © changed in amplitude and in phase.
§ 0 £ The scan range was *20 deg. In phase and
§ R +4% in amplitude respectively versus the
B nominal settings.
4 0.5
Amplitude scan
-6 0
Cal. amplitude SP [%]
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Results (1)

* Measurements done with 2 different phase SP, both

measurements separated by 2 days.

* Beam phase shifted by few deg. in all cavities while it

should stay unchanged.

* Requires more investigations.

== AMp err. [%}
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Amp err. [%]

cl c2 c3 c4 c5 c6
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4.5 185

180
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175
3
2.5 170
2 165
1.5
= Amp 160
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—_— 155
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0 150
cl c2 c3 c4 cb c6 c7 c8
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4
175
3.5 ———
3 170
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2
1 == ph
155
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0 150
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c#

¢
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Conclusion

* Proposed method can be used transparently to machine operation.

* The currently achieved accuracy is probably not high enough to use it to setup machine but it
seems adequate to monitor LLRF system state and notify operators when beam phase jumps or
drifts away.

* Possible error sources are: cross-talks between RF signals, nonlinear effects, errors in RF signal
calibration. Unclear is the presence of ~9kHz oscillations at detuning during beam time. It comes
from probe phase derivative. Without signal filtering it is hardly visible. It is more visible when the
RF pulses are averaged.

* There are still areas for further improvements that possibly increase accuracy (e.g. better
modeling of beam induced voltage, better detuning approximation).

* The proposed method is CPU hungry. Application of parallel computation will speed up the
operation. For single RF station 32 threads (or CPU cores) are needed. It was not tested but
application of GPU would be the perfect hardware platform.
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Thank you
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Contact

DESY. Deutsches Mariusz Grecki
Elektronen-Synchrotron MSK

mariusz at grecki@desy.de
www.desy.de +494089985489
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